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‘(:;ntegraced Raman intensities of bands between & 0-900 emfi have been
obtained for molten B203 from 288-906°C. Emphasis was placed on the highly
depolarized low-frequency contour (adjoining the exciting line) which is in-
tense, broad, skewed to high frequencies, and displays a weak, broad, shoul-
der ceéntered between A 100-150 cm™l. The total integrated contour intensity
from 0-300 cm’l, as well as the peak intensity, obey the one-phonon Bose-
Einstein (B.-E.) relation within 6Z%Z. The integrated intensity of the pola-
rized 800 cm™}! boroxol ring (3306) line, however, decreases with temperature
rise, in quantitative agreement with previous work, J. Chem. Phys., 72, 113
(1980), and correctién using neutroEﬁhattering results yields a AH® value
of 5.0 kcal/mole ring rupture. The lqy—frequency contour probably involves
nonsymmetric collective modes of very large assemblies, cages, or rings, as
well as librations of B306 groups (~100-150 cmfl), and the fact that the
B.-E. distribution is obeyed at temperatures for which 3306 ring rupture is
important indicates that such large tegporal aggregates are involved that
whether 303 triangles or B306 rings are'present may be nearly irrelevant.. The
peak frequency of the B.-E. corrected low-frequency contour was also observed
to be constant,~50 cm™}, from 8°K to~200°C, but it falls rapidly near Tg =~
280°C, and then reaches a ~ 27 cm~l 1imit above 400°C. This suggests that the
force constants of the low-frequency modes decrease upon melting because the
anharmonicity increases due to the increased melt free volume produced by boro-
xol ring rupture. However, most features of the low-frequency Raman data, in-
cluding depolarization, may also be explained in terms of ultrasonic acoustic

modes and stress wave theory.
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Integrated Raman intensities of bands between ~ 0-900 em1 have been

obtained for molten BZO from 288-906°C. Emphasis was placed on the highly

depolarized low—frequenzy contour (adjoining the exciting line) which is in-
tense, broad, skewed to high frequencies, and displays a weak, broad, shoul-
der centered between ~/ 100-150 cm~l. The total integrated contour intensity
from 0-300 cm-l, as well as the peak intensity, obey the one-phonon Bose-
Einstein (B.-E.) relation within 6%. The integrated intensity of the pola-
rized 800 ca ! boroxol ring (B306) line, however, decreases with temperature
rise, in quantitative agreement with previous work, J. Chem. Phys., 72, 113
(1980), and correctién using neutrogﬁlattering results yields a AH® value

of 5.0 kcal/mole ring rupture. The 1qy—frequency contour probably involves
nonsymmetric collective modes of very large assemblies, cages, or rings, as
well as librations of 3306 groups (~100-150 cm’l), and the fact that the
B.-E. distribution is obeyed at temperatures for which B306 ring rupture is
important indicates that such large temporal aggregates are involved that
whether BO3 triangles or B3O6 rings are present may be nearly irrelevant. The
peak frequency of the B.-E. corrected low-frequency contour was also observed
to be constant, a50 cm'l, from 8°K to~200°C, but it falls rapidly near Tg f—
280°C, and then reaches a ~/27 cm™! limit above 400°C. This suggests that the
force constants of the low-frequency modes decrease upon melting because the
anharmonicity increases due to the increased melt free voiume produced by boro-
xol ring rupture. However, most features of the low-frequency Raman data, in-

cluding depolarization, may also be explained in terms of ultrasonic acoustic

modes and stress wave theory.
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I.  INTRODUCTION

Low-frequency Raman and infrared spectra from vitreous By03 were reported
by stolen(1) in 1970. He observed a depolarized Raman peak near 24 cm", and
an infrared peak near 26 cm-!.(1) Shortly after, Shuker and Gammon{2)
examined the temperature dependence of the low-frequency Raman région of By03
to about 1000°C. They concluded that first-order scattering from

intermolecular vibrational states was involved. (2) Subsequently, Bri1'(3)

effective collection geometry remain rigorously constant versus temperature,

e e

examined the ]oﬁéfrequency Raman scattering from Bp03-Nas0 mixtures. He
interpreted the 16w~frequency region in terms of translations or librations of
part of the glass network, namely, 200 atoms or more.(3)

In Raman work at higher frequencies (primarily between 200 and 1600 em-1)
Walrafen et al.(4) measured integrated intensity ratios from 77°E to ~ 1600°C.
The intensity data were interpreted in terms of the rupture of boroxol (83051
rings, for which a A&H° value of 6.4 * 0.4 Kcal/mole boroxol resulted. This
LH° was obtained by assuming that the uncorrected (no B.-E. correction)
integrated intensity of the 300-800 cm-! Raman contour was constant with
temperature, and thus the 300-800 cmi] contour area was used as an internal
standard against which the area of thg,intense, sharp, polarized, 800 em-t

B30 peak could be referenced. New Raman data in which integrated intensities,

_absolute in the sense that the laser beam intensity in the sample, and the

were required. Such data have now been obtained in this work between ~ 0-900
em-1 at temperatures from 288 to 906°C. (These data provide quantitative
support for the previously assumed constancy of the uncorrected 300-800 cm-?
area). However, the principal goal of the presenf work was to obtain a more

complete understanding of the low-frequency (24 cm']) contour from vitreous

and molten B203.
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The nominal 24 cm~! contour from vitreous By03 is remarkable in that it
is unusually intense (roughly as intense as the sharp 800 cm-1 line at room
temperature) but highly depolarized. It is also relatively sharp for a
low-frequency glass mode, compared, for example, to the ~ 60 cm-1 mode from
fused silica.(5) Thus, its understanding is of importance to the structure of
vitreous B203, as well as to many other g]hss systems.

The new intensity data that have been obtained here suggest that the
low-frequency Raman scattering involves (in major part) collective modes of
large temporal or correlated assemblies of atoms whose basic units are BO3
triangles and/or B30 rings. These correlated regions may refer to masses
which range from 5400 to 23000 g-mole-l; hence, as many as 100 -400 .BO3
masses may be involved. The new low-frequency Raman data and their

interpretation are now presented.
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II. EXPERIMENTAL

The sample preparation, heating method, and Raman procedure employed here
were similar to those described previously in studies of molten 8203.(4)
However, because integrated Raman intensities under conditions of constant
laser intensity and constant effective collection geometry were nbw required,
a2 modified procedure was emﬁ]oyed to obtain accurate integrated (absolute)
intensities, in contrast to ratios of integrated intensities.(4)

The refractive index of molten By03 changes rapidly with temperature
compared to that of fused silica.(6) Hence, methods in which the laser beam
and/or the Raman scattering pass through both the molten B203 and the fused
silica tube are not accurate.(2)> (This conclusion was definitely confirmed by
numerous trial runs in this work). Thus, a method was used which involved
backscattering from the molten By03 -- air interface. .

A convergent horizontal laser beam was reflected downward through a large
hole in a 45-degree collection mirror, and brought to a sharp focus just be!ow
the molten By03 surface (the large hole prevented back-reflected plasma lines
from being detected). The back-reflected laser beam was then adjusted such
that it was precisely co-axial with the incident laser beam. This condition
was rigorously maintained throughout the quantitative intensity measurements
at all temperatures. The back-scattered Raman light was then reflected by the
45-degree collection mirror, and focused on the slit of the spectrometer. The
width and shape of the enlarged image of the light pattern on the spectrometer
s1it jaws were carefully and continuously monitored throughout the
measurements at all temperatures. No change or motion whatever of this light
pattern was observed between 288 to 820°C, suggesting that the effective
collection geometry remained invariant,

The molten Bp03 was contained in a vertical fused silica tube as




described previously.{4) A Pt-Rh thermocouple was placed near the laser beam
spot, just below the molten B,03 surface, for temperature measurement. The
laser power was maintained constant to * 3%, and measurements of the B.-E.
corrected integrated intensity of the low-frequency contour over a 500°C range
indicated constancy to within 6%.

Some Raman spectra of the vitreous material were also taken at

temperatures as low as 8°K. The B,03 sample and Raman method involved are

described e]sewhere.fﬁ)




I1I. Results
Polarized and depolarized 90-degree, as well a§ polarized O-degree;
Stokes and anti-Stokes spectra were obtained in this work for Raman
shifts,z&ij, between A 0 and 900 cm™l. Only the polarized O-degree

or back-scattering results yielded reliable absolute intensities, for
reasons described in section II. Hence, only the back~-scattering spectra
are shown in Fig. 1. .

In Fig. 1, three stokes Raman spectra, A to C, obtained betweeﬁ 7.5-
350 cm-1 are shown. In these three céses, as well as in intermediate
cases omitted for clarity, the amplitude of the total scattering, IT’
was first detectable at 7.5 cm—l(see top left), and the shapes slightly
above 7.5 cm-l were identical. Hence, the spectra could be exactly super-
imposed at, and slightly above 7.5 cm-l, and this procedure agreed-with

1, as evident from the figure. From

precise superposition beyond 200 cm™
these Superpositioné, and from the shape of the C spectrum just sbove

7.5 cm1 (4 intensity divisions from the bottom), a baseline was deter-
mined as shown by the dashed line, D. This same baseline was then em-
ployed for all of the back-scattering spectra, and from it -the differ-

ences between the total scattering and baseline D were determined. The

shape of baseline D was also determined in part by anti-Stokes spectra
{not shown) which were obtained simultaneously with the Stokes spectra.
Here it should be emphasized, that baseline D is not claimed to be pre-
cisely correct per se; instead, the differences between it and the total
scattering at various temperatures are considered to represent the chan-

ges in the Raman intensity with temperature, reasonably accurately.

Other procedures, such as multiplying the total sciftering, IT’ by
A7j/(l + n), where n is the B.-E:.: factor,?cw/k'r—l)—l, could be
used, of course, but this method still requires non-linear baseline sub-
traction of the form IB.Aj7/(l + n), where I, is the baseline intenmsity, 4
which is roughly constant only above 200 cn~1l, as seen from Fig. 1.

The functional form of baseline D was found by least squares fit- )

ting procedures to be approximately exponential. Between 10 and 200 c:m'1

e-Ay/ AP ° , where A]:"o =

25 cm~l. This form is consistent with (but does not imply the same mecha-
(8)
In

baseline D is represented by the equation IB = A

nism as) the form used for depolarized scattering by Litovitz et al.

this regard, it should be mentioned that the shape of the total polarized

scattering, Ip, was nearly indistinguishable from that of the total depolar-

A
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CAPTION

Fig. 1. Polarized low-frequency Raman spectra obtained by back-

scattering from molten 3203. The vertical arrow near 120 cm-l

refers to a weak shoulder thought to refer in part to boroxol
ring librations. The slanting arrows near the inflections refer
to the contour peak frequency at high temperatures. A slit-width

corresponding to 5 cm L

was employed with 514.5 nm excitation at
a power level of 1W. The moise level of the spectra was about 4
times the line thickness at 25 cm'l, and about equal to the line
thickness at 150 cm-l. The total scattering is quantitatively com-

parable between the spectra to about 4%.
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ized scattering from 0-360 cm'l, except for some suggestions that the
shoulder region between v 100-200 cn~! was not quite totally depolar-
ized. Further, the form of the baseline below the polarized spectra
was indistinguishable from the baseline for the depolarized case.

From spectrum A, and from a spectrum intermediate between spectra
B and C, spectra of the form I/(1 + n) and Ig ;;57/(1 + n), where I, =
IT - IB’ are shown in Fig. 2(a) and 2(b), respectively. The (a) spec—
tra of Fig. 2 involve only B.-E. correction, whereas the (b) spectra,
which are the (a) spectra multiplied by z;ij, are sometimes referred
to as reduced spectra. The Fig. 2 spectra are related to the vibra-
tional density of states as formulated by Shuker and Gammon,(g) namely,

glaw) = T(w), T) . (D
c(ew)[l -+ n(w,T) ]

Here, n is the B.-E. factor, n = (e’hﬁﬁk7- -1)—1, I(w,T) is the experi-
mentally determined depolarized Raman intensity for which IT - IB’ is

now substituted, c(w) is the frequency dependent coupling coefficient,
and g(@w) is the vibrational density of states. In this regard it should
be noted that because the integrated Raman intensity is proportional to
concentration at a given tewmperature, fjg(cu)dcu has units of the num-
ber of #scillators per unit volume. Hence, if all of the intermolecular
vibrations occur below 300 cm'l, the integral of g(cw) from 0-300 Cm—l

would encompass the total number of intermolecular oscillators per unit

volume of vitreous or molten 8203.
Both the (a) and (b) spectra of Fig. 2 invite division into two re-

1 and a

gions or components. The (a) spectra indicate a peak near 27 cm™
shoulder centered between 100-150 cm—l, and Gaussian deconvolution of the
(b) spectra indicates two broad components centered near ~ 56 cm-1 and
~ 137 cm-l, respectively. Unfortunately, the calculated spectra of

Fig. 2 involve increasing amplification of errors with increasing fre-
quency, as seen from the error limits shown. However, Gaussian computer

analysis has indicated that the qualitative two-component nature of the

coutours cannot be vitiated by such errors. Similarly, the raw spectra

of Fig. 1 show a peak plus a weak shoulder, the latter indicated by a

vertical arrow between 100-150 cm™ 1.

Comparisons between Figs. 1 and 2(a) clearly indicate that the B.-E.

correction increases the frequency of the peak intensity. For example, Fig. 1(a)




CAPTION

Fig. 2. Bose-Einsteln corrected Raman spectra, IR/ (1 +n),

(a), and reduced Raman spectra, IRA;-/-/ (L + n) , (b), calculated
from Fig. 1, where IR = IT - IB .
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indicates a peak (inflection shown by an arrow) near 8 cn 1

at 768°C,
whereas Fig 2(a) indicates the corrected peak near 27 cn~l. Such ef-
fects occur at temperatures where kT )> ﬂc A;-/'. The function

IR A;iﬁ(l + n) also moves the peak position even farther upward. This
is evident from a comparison between (b) and (a) of Fig. 2 below 100
co L, However, such differences between the Ig and IR/(l + n) spectra
disappear as T->»0, and thus where (1 + n) —>~1.

Peak positions for the IR:and IR/(l + n) spectra are shown from
-265°C (8°K) to about 1000°C in Fig. 3. In that figure the peak posi-
tion of the uncorrected IR spectrum approaches that of the IR/(l + n) or
the B.-E. corrected spectrum below -200°C. (Frequency data from the
Ip A7/ (1 + n) spectra are not shown in Fig. 3.) The drop in A above
Tg which occurs for the IR peak frequency also occurs for the components
of the IR/(l + n) and perhaps weakly for the Ig~‘¥i;/(1 + n) spectra, but
this is discussed in section IV.

One of the goals of the present work was to determine the way in
which the total contour intensity or area between 300-800 eml, I300-800"
varies with temperature (without B.-E. correction), in an effort to

test the previous assumption of temperature invariance.(a) The quantity

1300—800 is shown along with the corresponding uncorrected integrated
contour intensities, 127 (where 27 cm'-l is only the nominal peak value),
and 1800’ in Fig. 4(b). (Here, all of the data refer to backscattering,

whose angular intensity dependencde for polarized lines is not the same
as for 90-degree scattering(lo)). Within the scatter of the data, it is
apparent that Ijgg_ggp is invariant in the temperature range of -288° to

(4)

768°C. This result confirms the previous assumption to this effect,

and requires that the temperature dependence of 1800 be the same as that
of L because ry = 1800/1300-800’(4) This agreement is clearly evident

from Fig. 5, and is discussed in section IV.

From Fig. 4(b) it is also apparent that 127 increases rapidly with j
temperature rise whereas the 3306 ring intensity, 1800’ decreases. Wgen
Iy7s the total Raman contour area of the low-frequency region, or .rIRdi;)
is corrected for the B.-E. factor, i.e., IR/(l + n), temperature invari-
ance within a mean deviation of 6% results, as evident from Fig. 4(a).
Approximate invariance of the B.~E. corrected total intensity is not unex-

pected, however, because all of the intermolecular vibrations are thought
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Fig. 3. Peak frequencies of uncorrected Raman spectra, lower dashed
curve, and from Bose-Einstein corrected spectra, upper dashed curve,
from 8°K or -265°C to about 1000°C. (*) refers to Ref. (2).




Fl}q

2,
000L 008 009 00% 0OZ O

$
N mmeg gl g o e . .'
A1 -2 gl wg ” Jqlﬂlllololﬁ
\
e
\
L and )
N
3
+ + + o« S
uuuuuuuuuuuuuuuu —_— R S S
-+ * 1 + oSS :
+ »
\
2
\
T \
L *
l"‘+' +
+
1 1
| | ] ] | ]




CAPTION

Fig. 4. Integrated intensities, (b) , for the total low-frequency
contour (~0 - 300 cm'l), 127, for the 300 - 800 em™! contour,

-1
1300-8007 2nd for the peak at ~800 cm -, Iggo- The total low-
frequency contour area corrected for the Bose-Einstein factor

is shown in (a).
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to be included, i.e., the B306 and BO3 librations, plus all of the col-
lective intermolecular motions.

The integrated intensities of the total low-frequency contour were
obtained for spectra of the type I /T, Ip/(1 + n), and I AP /(1 + n).
The results are tabulated in Table I. These data are of possible value
in determining which formulation of c¢(w) in eqn. (1) leads to the cor-

rect form of g(w), and are discussed in section IV.

INTERPRETATION

A. Nature of the Intermolecular Motions.

Consider that a boroxol ring, 3306’ engages in libration or
translation with respect to the surrounding glass or melt network.
In such motions, three extra-annular B-0-B groups would be expected
to bend. Bril(3) has reported a force constant for B-0-B bending
of 3.3 x 104 dyne/cm. Assuming that the boroxol ring libration is
harmonic (which, of course, is only an approximation), the 1libra-
tional frequency would be given by,

N (16.97 mc)* - (16.971()” )
M M'
where N is the number of B-0-B units bent, i.e., 3 restoring forces,
K is the bending force constant in dyne/cm, M is the "molecular
weight" in gm—mole—l, and M' = M/N. From eqn. (2) and Bril's bend-

1

ing force constant, a librational frequency of 114 cm™ resulés for

the complete B306 unit for which M = l28.5 gm-mole-l, or of 145 crn—1

for the B,C, ring within the B,0, unit for which M = 80.5 gm—mole-l.

These values are in reasonable agreeﬁent with the range of 100-150
cxn_1 for the center of the weak shoulder of Fig. 1, or for ;he cor-
responding features of Fig. 2; (Gaussian deconvolution of the Fig.
2(b) spectra, also yields a value of ~ 137 cm'l).
In previous work it was established that the concentration of
boroxol rings decreases with increasing temperature of the melt.(a)
Accordingly, the intensity of 3306 libration should also decrease
with temperature rise. Some evidence for this effect 1is seen from
Figs. 1 and 2, where the feature centered between 100-150 c:xn-1 ap-
pears slightly more prominent at lower temperatures.

In regard to other librations, it should be noted that 803

triangles may possibly engage in librations as well. Again, three
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Table I.

Total contour area between 0-300 cm—1 from spectra of the type

indicated by I27/T, etc., for temperatures from 288° to 768°C.




TALLE

Table I
300 300
tC T d¥ T d7 T AP A7
o o (1t11) (/-rn)
288 1.72 x 1074 .45 ' .77
368 1.72 x 1074 .53 .83
497 1.78 x 1074 .48 .69
625 1.96 x 10°4 .45 .80
768 1.77 x 10°% .50 .73
mean 4% 6% 8%
deviation
I | _
e iR SO S PN g - ——




connecting B-0-B units would be bent in such a libration. From

eqn. (2), and the bending force constant, a librational frequency
of 170 cm™1
high-frequency tail of Figs. 1 and 2, and hence such a motion may

results for M = 58.8. This value corresponds to the

not be very important.

Next, consider that a very large temporally correlated assem-
bly of 303 triangles and/or 8306 rings engages in a libration or
translation such that bending of B-0-B linkages occurs only near
its extremities. Such a motion of a large assembly seems a pos-

sible mode, but certainly not the only mode, of a large system of

coupled anharmonic oscillators. Further, assume that no relative
motion of BO3 or B306 units occurs on the average within the con-
fines of this large assembly. Also consider that the vibrational
times between atoms in this assembly are at least one order of mag-
nitude shorter than the oscillatory motion of the assembly as a
whole. The ratio of the "molecular weight" of this temporal assem-—
bly, to the number of B-0-B linkages near its extremities that bend
and produce a restoring force, is M'. Thus, from eqmn. (2) and

with K = 3.3 x 10% dyne/cm, M' would vary from about 768 to 179,
depending upon which feature of Fig. 2(a) or 2(b), i.e., 27 cm—1

1, respectively, more nearly corresponds to the correct

or 56 cm~
peak in the intermolecular vibrational density of states. However,
N = 3 for either a 803 or 3306 libration, and for a larger assembly
it would certainly be much greater. If N is arbitrarily taken as
30, the "molecular weight" of the correlated region would range bet-
ween 5400 and 23000gm—mole'1. 0f course, such arguments are very
qualitative, but it does not seem unreasonable to suppose that the
main peak of the true vibrational demsity of states arises from a
collective motion involving between 100-400 correlated BO3 building-
units, and whose dimensions or correlated diameter is of the order
of 10-15 A,/5%%arly shperical shape and a B-0 distance of 1.4 A.<3)
Here, it should be emphasized that this assembly may be associated
with a definite structure; or, it may simply refer to a correlated

motion of 503 units.
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B. Vibrational Density of States.

In Table I three sets of results, referring to the IR/T.
IR/(l + n), and IRA};/(I + n) spectra, are presented for a range
of temperatures. Each set shows invariance of the corresponding
integrals with temperature, within the stated error limits. Consi-
der first, the invariance associated with the IR/T spectra, which
appears to be the key to the explation of the other invariances.
At high temperatures, that is, temperatures for which kr>>»4ka3
or e ap,
Lim (1 + n) = kT/&x w0 (3)
T =y
Hence, substitution of this result for (1 + n) in IR/(I + n) and
in I A2/l + n) leads, respectively, to terms such as Ip ap/T

—— 2 =
and IR(AV) /T. Further, 1if IR d;7 is invariant with T, one -

would also expect corresponding 3n$ariance upon multiplication‘of.IR/f By
Aj7or (‘Ai;)z, unless, the structure of the IR/T spectrum varies
so much with T, particularly at high frequencies, that the large .
Af or (A5)2 terms dominate. However, such dominance of large
A}; or (Ap )2 terms 1s clearly unlikely because the mean deviations
listed for Table I increase about as would be expected for the er-
rors involved, see the Fig. 2 error limits. Apparently, the obser-
ved constancy in the integra% of IR/T is the main factor wh’:h
yields the corresponding constancies in the integrals of IR/(l + n)
and IRA;/(1+n). _

In terms of eqn. (3), and the ratio IR/T, one can write g(ev)

as,

g@) o (/D w?
cl(w)

In the region of ~» 0-300 cal, IRd;; » refers to the integral
over all of the intermolecular vibrations. The corresponding inte-
gral over the true density of intermolecular vibrational states
would refer to all of the intermolecular oscillators per unit vol-
ume. Apart from the breakdown of 8306 units to form BO3 triangles,
one would expect the number of intermolecular oscillators of other

types to be about constant. Hence, first excluding the B306 and

503 librations, the remaining number of oscillators might be con-




stant, and thus the density of such states would decrease as the
volume increases, e.8., by ~ 147% from ~300° to 800°C. Then, if

the B306-4>3B03 stoichiometry is also included, the number of intermo-
lecular oscillators might increase with temperatutng%se, and if

this increase just opposes the volume increase, g(w)dw would

be about constant. °

If g(w )dw 1s constant, and if the approximation of eqn.
3) is emgioyed, the various functionalities of c(&J) that result
are given in Table II. However, because the errors are amplified
from IR/T to IR/(l + n) to IR.cgﬁ/(l + n), a choice yielding the
correct functionality of c(W ), Table II, cannot be made simply by
choosing the smallest mean deviation of Table I. This choice would
favor the I /T spectra, i.e., c(W)A t 2, but other factors must
be considered as well.

Values of IT— IB from Fig. 1 were divided by T to yield
spectra of the form (IT - IB)/T or IR/T. Of course, the IR and
IR/T spectra have the same shape. Also the integral of IR/T from
0-300 cm™! is constant, Table I. However, the relative increase
in the peak height apparent in Fig. 1 at the vertical arrow (120
cm—l) nearly disappears when division by T is accomplished. The
shapes of the IR/T spectra (when multiplied by 10) were closely
examined between o~ 80-150 cm_l. The downward concavity (as seen
from Fig. 1) was clearly much greater at low, then at high tempera-
tures. However, the 10X spectra also indicate that there is a sig-
nificant additional sloping background contribution beneath the
component that produces the downward concavity. Accordingly, the
high frequency density of states (near 120 cn™ 1) appears to be de-
generate, and the contribution of 3306 librators may only be of
the order of ~ 25% at 120 cm—l. Finally, the spectra were divided
into two areas, A, from 0-80 cm°1, and B, from 80-300 en ). The
ratio of these areas, A/B, was found to decrease by ~ 167, from
368 to 768°C. Hence, from the foregoing observations, it conclu-
ded that the IR/T spectra are qualitatively consistent with a de-

-crease in the number of B306 librators per unit volume with tempera-

ture rise, but that some other moticn contributes more prominently

in the high-frequency (120 em™1) region than the 3306 libration.




Table II

Functionality of C(Q)), the frequency dependent coupling coe-
fficient, corresponding to various types of spectra, IR/T, IR/(l + n),
or Ip AY/(1 + n), see text.




II

Table

Constant Functionality
Tex_’m of C(wW)
360
fn‘”’ c(w)eX w2
T
o
300
Rg‘;S (W)X a
(1 + n)
o
360
Cc(&) = constant

1, a7 47
(1 +n)

7‘4,543
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Thus, the IR/T data corresponding to c(cO)o(ooz seem to have at
least some of the qualitative attributes demanded of the true den-
sity of states.

Next, all spectra of this work of the form IRAh;V(l + n) were
deconvoluted approximately by ;he use of two broad Gaussian compo-
nents. These components were centered mear V56 and ~137 cm-l.

A similar decomposition was.tried for the B.~-E. or IR/(l + n) spec-
tra, but this failed, because the major component (peaking near 27
cm'l) is strongly skewed to high frequencies. The ratio of the

1 components was determined. This

areas of the ~ 56 and 137 cm
ratio did not vary significantly with temﬁeratﬁre and was roughly
0.6 from 288° to 768?C; Hence, spectra of the form Iz Ad;/(l + n)
do not seem to be very significant, and.a constant value for c(W)
is thus'not favored, '

A dicis;on between the coupling coefficient functionalities,

c(W) o wz or c(@W)){W , is left to section IVD.

Concentration of Boroxol Rings

In previous Raman work, the ratio of integrated intensities,

1800/1300-800’ was determined and given the symbol - 1t was

then assumed that 1 , uncorrected for the B.-E. factor, was

300-800
independent of temperature, and that it could act &+ an inf«real
Raman standard. WNext, because r, vas considered proportional to

e

1800’ it was taken as a measure of the boroxol 3306 ring concen-

tration, and an equation of the form
In[r,/(A - r,)] =B/T+C (5)

was found to fit the r; data accurately from 77°C to near 1600°C.
The B term of eqn. (5) corresponded to a AH® value of 6.4 * 0.4
Kcal/mole B306
0.644, which corresponded to the value of r, near 77°K.

i
In the present work it was determined that the assumption re-

ring rupture. The A term of eqn. (5) was taken as

lative to 1 is correct, as shown in Fig. 4. In addition the

300-800
original r, data were treated by a computer procedure in which the

specific A value corresponding to the minimum standard error of fit
for an equation of the form of egn. (5), was determined. This pro-

cedure gave an A value of 0.6449 in good agreement with the previous




value of 0.644. Also, the B and C values were not significantly
different from those reported using the A value of 0.644.(4)

As an additional test of the previous AH°®° value, however,
new (absolute) values of I800uas well as new relative values of

I300/T300-800
compared to the previous ry values in Fig. 5. All of the new I

= ri were obtained in this work. These values are

800
and r, data were then treated by eqn. (5) using, for comsistency,

the oiiginal A value of 0.644. The least squares AH° value that
resulted is 5.6 * 1.0 Kcal/mole B3O6 ring rupture. However, the
difference between this new value and the previous Raman value
of 6.4 * 0.4 Kcal/mole is not very significant as seen from the
scatter of the new data of Fig. 5. Further, because the previous
A B® value involved more data, and a wider range of temperature,

it is still preferred.

Accomodation with Neutron Diffraction Results.

Johnson et al.(Il) have recently conducted neutron diffraction
measurements on vitreous 3203. Their data indicate that 60% of .
the B atoms exist in the boroxol ring, B306, configuration at room
temperature. However, the results of Ref. (4) would appear to re-
quire that the boroxol ring concentration is much higher at room
temperature and thus it is desirable to attempt a reconciliation
between the two sets of results.

In the work of Ref. (4) all of the ry data from 77°K to
1600°C were treated as though the equilibrium existing at higher
temperatures between boroxol rings, and BO3 triangles in a random
network, continued to manifest itself below Ti. But, it is virtually
certain that the equilibrium concentrations that exist just above
Tg» are "frozen—-in" below TG. Hence, although the previous treat-
ment fitted all of the data from a4 77°K to 1600°C empirically, it
totally disregarded the nonequillibrium situation below TG. To
correct this, only the data from Ref. (4) above 480° and extending
to 1594°C were used, and the A value of 0.6449 was corrected using
the neutron data. The corrected A value is given by A = 0.6449(0.6 +

(0.4/3)]1/0.6 = 0.7882, where it was assumed that three BO, triangles

3
share three oxygen atoms to form one B306 unit. Then an equation

R

/3




CAPTION

Fig. 5. Values of Ty taken from Ref. (4), dashed line, compared with
/

values of 1800 and ry = from the present work, various

00/ I300-800

points.
@ - r, - back-scattering
& - Igo0 = back-scattering

&— ry - 90-degree scattering, normalized
to ry from Ref. (4).

B- I 00~ 90-degree scattering, normalized
to r, frgm Ref. (4).
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equivalent to eqn. (5) was fit by exponential least squares which
yielded a AH® value of 5.0 Kcal/mole boroxol.

Leidecker et al.(13 have applied a formBlism involving a
single ground state and a twofold degenerate excited state to spe-
203. They
obtained a AH value of 5.07 (#2XZ) Kcal/mole. The value from Ref.
(4) is seen to be about 1.3 kcal/mole higher'than the Leidecker

cific volume and other data from vitreous and molten B

value, whereas the neutron corrected value of 5.0Kcal/mole is in
excellent agreement. The new calculation method which employs the
neutroﬁ data also has the advantage that it treats the region near
and below T, explicitly, and it also specifically considers the
neutron determined fraction of 303 triangles in the random network
configuration. The agreement between the neutron corrected Raman
AH° value and the Leidecker result also indicates that the Lei-
decker value réfers to . the heat per mole of boroxol ring. Finally,
the differences between the measured }i values and those calculated
from 1n[ri/«L7882 - ri)] = 2490.5/T - 2.3734 (the neutron corrected

least squares equation) constitute a possible measure of the meta-
stability of the vitreous material relative to the supercooled melt

(no glass transition).

Relation Between the Low-Frequency Raman Data and Tg

In Fig. 3 peak frequency values from the 1 /(l+n) spectra
(upper curve) and from the uncorrected I spectra (lower curve) are
plotted from —265 C to 1000°C. The TG value for 3203 of 280 c
taken from Marcedo et al.(ll) is shown on the figure.

The peak frequencies from the B.-E. corrected spectra, IR/(l + n)
are seen to be roughly constant, A~50 cm-k from -265°C to about 100-
200°C, but just below TG’ they start to decrease. A rapid decrease
then occurs above TG’ and a levelling off to about 27 cm-1 occurs
above 400-500°C, continuing to 900°C.

The uncorrected spectra yield a somewhat more complicated shape.
Near -265°C or 8°K, the peak frequency occurs near 50 cm ! in agree-
ment with the B.-~E. corrected result. This agreement arises, of
course, because (1 + n) =»1 as T=>»0. Then between ~265°C and -200°C

an abrupt decrease of the peak frequency occurs and from -200 to

S
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about 200°C the peak frequency is about constant at 27 cm—l. Next,

a decrease is seen just below TG and a roughly constant value near
~ 8 cm ! is finally attained between 500° to 1000°C.

After the abrupt initial decrease in the peak frequency from
~50 to~27 cu”} is complete at A/73°K, where KT251 cm™l, the dif-
ference between the corrected and uncorrected peak positions remains
roughly constant. At -200°C (or 73°K) the difference is ~22 em™l,
and at 1000°C it is ~20 co~l. This roughly constant differeﬁce is
not B.-E. related, but arises because one of the two curves of Fig.
3 more accurately represents the true density of states. In this
regard, because no known volume effect follows the uncorrected peak
frequency change below 73°C, it would appear that the IR/(l + n)
spectra, which correspond to c(du) )o{@ , more accurately represent
the true density pof states, as shown next.

Macedo et JEE Zave observed that the specific volume of vitre-
ous B,0. rises markedly above Tg = 280°C, but that the rate of in-

273
crease decreases continuously to 1400°C. Both curves of Fig. 3 show

a very pronounced decrease In peak frequency just above TG = 280°C. )

This observation, in conjunction with the specific volume data, sug- ,

gests that the peak vibrational frequency is modulated by the spe- .

cific wvolume. Or, as an approximation, the inverse of either curve

of Fig. 3 from 0° to 1000°C roughly parallels the specific volume
data.(However, much better correlation with 1/ (3is discussed in seétion IVF).

(4)

From previous Raman work, it was shown that the breakdown of
boroxol rings begins essentially at T, and continues to ~1600°C.

The network structure of 3203 would thus be expected to change markedly

above TG’ namely, from one with many boroxol rings, to one more
nearly dominated by a network of BO3 triangles. In such a transfor-
mation the volume of voids, or the free volume.Clu) would be expected
to increase, giving rise to the observed increase in the specific
volume.

The increase in the free volume should have marked effects on
the force constant of a large collective mode of the type envisioned
here. The potential for such a mode is certainly anharmonic, despite
the harmonic approximation used in IVA. Further, the side of the

anharmonic potential due to large amplitude motions, would be expec-




ted to show less curvature near the equilibrium position when the
free volume is small, then when the free volume is large due to boro-
x0l ring breakdown. An increase in free volume would be expected to
decrease the repulsion that a large amplitude motion would otherwise
experience when boroxol rings are present. Because the force con-
stant is equal to the curvature of the potential at the equilibrium
position, (azv/arz) at ry, a decrease in the force constant, K,
would be expected with an increase’ in anharmonicity.

In regard to an increase of the force constant with decrease of
free volume, it should also be mentioned that the B.-E. corrected
peak position (but not the uncorrected one) of the low-frequency
contour moves upward with pressure rise (8 kbar), and thus with
decrease of specific volume, at room temperature.cls) This result
strongly supports an increase of K with decreasing volume. It also
supports the B.-E. corrected spectra, iR/(l 4+ n), as possibly the
best representation fq: the low-frequency density of states, as fur-

ther seen from a summary of the present data in Table III.
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Caption

Table III1. Tests of the success of various representations of the
low-frequency vibrational density of states signified by (YES), .ac-
cording to indicated conditions.
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F. Relation to Ultrasonic Stress Waves in Isotropic Media

and Brillouin Scattering.

An overview of all of the Raman data of this work strongly
suggests an interpretation involving ultrasonic (GHz to THz fre-
quencies) stress or acoustic waves in an isotropic viscoelastic

: medium. In this regard, 1t has been known for many years that
materials exist whose response to stress is strongly time (fre-
Quency) dependent, for example, rubber. Young's modulus, E, is

very strongly decreased at low frequenciles, 10'2 to 106

8

Hz, by
the melting of rubber. But, if frequencies of 10~ Hz are involved,
i ) the value of E corresponding to the frozen condition 1s retained at
temperatures well above the freezing point. By comparing Fig. 3
of this work, to Fig. 1 from the work of Nolle(l6 ) for rubber, it

is apparent that analogous situations may exist, particularly if

it is also noted that the frequency of the nominal 800 cm'1 optical
mode due to boroxol rings is constant to within 1-2 % from B°K to
1500°K. Thus, such comparisons suggest that the frequency responses
seen in the Raman data may be a measure of the time dependent response
of the strain, to thermally-driven stresses. |
From the theory of wave propagation in 1sotropic elastic hedia,
it is known that the velocity of the longitudinal dilatational wave,
Cqv is explicitly related to the bulk modulus,J{., and hence to the
compressibility, Q ;:’(g—\f:-)T, where K= 1/(3 . For a scalar disturb-
ance the longitudinal velocity is given by ? cl2 =X+ hﬂ/3, and
for a shearing disturbance, the velocity of the transverse wave, Cos

is given by.9c22 =/q , where/q , and ? , are the shear modulus, and

the mass density, respectively.
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Values of @ have been reported for B203 from ~ 280° to
(17)

8oo°c. From these data, a marked decrease in X 1s expect-
from ~ 280-516° C, followed by near constancy to 800°C. Frequency

variations remarkably similar to the varlations in XX are evident

in the Raman data between 280-800°C. From Fig. 3 the B.-E.
corrected peak position is seen to decrease markedly from TG to
about 500°C, and then to remain nearly constant to 900°C. More-
over, the B.-E. corrected Raman frequency increases with pressure
rise to 8 kbar for the vitreous solid at room temperature, and
because N = g(ap/ge),r ® const x @ , X would be expected to increase
with pressure rise. Thus, the dependence of the low-frequency
peak position on X 1is in accord with stress wave theory. A test
of the X or 1/9 dependence of the B.,-E. corrected low-frequency
peak position i1s shown in Pig. 6. The obvious linearity between
lﬁ;and I between 200° and 800°C illustrates the point that the
bulk modulus modulatilon ofhdfis much more direct than the l/V or
S’ modulation mentioned previously in section IV. E.

A further feature of the present Raman data 1s the virtually

complete depolarization observed for the low-frequency Raman contour.

In terms of a cluster of the type described in section IV, A., it
may be seen that translation of the cluster compresses the B-0-B
angles of one end, while the same translation opens the B-0-B
angles at the other end. This coupled/¥E:se difference alone is
sufficient to lead to depolarizatioé}stecause it is the B-0-B
bending vibration that produces the Raman activity, whereas no
polarization or polarizability change 18 consldered to 6ccur

within the cluster, as far as the low-frequency region 1s concerned.

However, the depolarization mechanism described may be incorporated

into the stress wave theory through the symmetries of the particle




CAPTION

Fig. 6, Plot of B.-E. corrected low-frequency Raman peak
position versus bulk modulus, }{ =1/ @ , for vitreous and
molten B203 from 200° to 800°C, see temperatures next to points.
Data were obtained by interpolation from smoothed curves of

Fig. 3, and Ref. (17).
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motions.

Consider that the low-frequency Raman or acoustlic modes of

vitreous and molten B203 can be treated in terms of the normal
modes of vibration of an 1sotropic elastic sphereflgguch modes
may be divided into three classes, namely, radlal, spheroidal,
and toroidal (rotatory), or R, S, and T, respectivelé?o)The R

and S modes are longlitudinal modes that involve dilatation. They

propagate with the velocity, c, =sz:74/“}(f . The T modes are
transverse modes related to shear, and they propagate with a
veloclty Cp = 7#/ . The R modes are of particular interest
here.

The lowes§ order R mode of a sphere is a totally symmetric
breathing mode, and would thus refer to polari:ied Raman scat-
tering. However, because it also refers to a small M' ratio, it
is not a collective mode of the type described previously. The
next higher mode, héwever, is of direct interest. This mode 1is
related to a double couple, and refers to vibrations of a sphere
in four quadrants. The modal pattemof the radial particle dis-
placements 1s described by the function sin 28 cosi?. u%’xis pat-
tern can be described by two orthogonal pairs of lobes (1like d
orbitals). The particle motions of one pair of lobes are inward
toward the origin, whereas the particle motions of the other pair

are outward. Such particle motions correspond to the B28 motion

of the Duh point group, and would thus lead to depolarization

of the corresponding longitudinal acoustic Raman scattering. Here,

one temporal cluster is envisioned to occupy each or the four lobes,
with the nodal regions relating to the one-phonon B-0-B bending

regions that restrain and separate the moving clusters, It 1is

also important to note that this depolarized mode refers to the
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quantity X + %/A/ 3, i.e., its frequency would be modulated

by ﬁhe bulk modulus, in agreement with Fig. 6. The double couple
also involves transverse acoustic modes for which the particle
motions are perpendicular to the axes of the radial lobes. These
motions refer to the function cos 2ecos§6 —cos © sin i? » and
they differ in phasq/%%égg;n successive quadrants. This coupled
phase difference relates the shear modes to the Raman depolarization.
The modulus involved in this case is /A .

Another feature related to streas waves in viscoelastic, as
opposed to elastic, 1sotropic medlia 1s important in describing the
nature of the temporal clusters envisioned here. A correlation
length of 10 - 15 A was suggested previously. This length refers
to a situation in which the movements of the elements of the
temporal cluster lose phase coherence beyond 10 - 15 A, In

" acoustilc terms, such a cluster may refer to a disturbance that is

strongly damped in a distance L = 10 ~ 15 A, where L 1s the

distance in which the acoustic intensity, I, falls to I /e, i.e.,
L = 1/, where O{ 1s the acoustic absorption coefficient. For
real solids, X 1s a strongly GVUJQ) Increasing function of fre-
quency. Thus, high-frequency acoustic waves would lead to a small

L value, say 10 - 15 A. Such high-frequency sound waves would act

as a grating for the scattering of photons or neutrons, and thus the
stress wave interpretation of the Raman data can in principle be
related to Brillouiln scattering, or perhaps more directly to neutron

scattering, which involves a larger momentum transfer, and refers to

frequencies in the THz region.
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- Brlllouln scattering measurements have been reported for
vitreous and molten 8203 by Bucaro and Dardy$17) by Pelous,(zr)
and by Day and Bucaro.(zz) The measurements of Bucaro and Dardy
involved polarized and depolarized scattering at temperatures from
20°C to 516°C. From depolarized scattering a quantity, Syys was
obtained, which 1s the spatial correlation function of the aniso-
tropic induced polarization.(17) The quantity SHv indicated a
variation between 20-516°C very close to that observed for ry
in Ref. 4, and hence SHv probably relates primarily to boroxol
rings, whose concentrations would be "frozen-in" below Tg» as
suggested 1n sectlon IV.E., and also by Bucaro and Dardy. Pelous
obtalined values of the Brillouin shift (W~ proportional to cl) and

the linewidth (n proportional to the absorption coefficient, ol )

at frequencles of ~ 20GHz from 3-30d°K. Day and Bucaro also obtain-
ed Brillouin shifts and frequencies, but in the w~ 10-14 GHz region
from 20°C to 628°C. Day and Bucaro's linewidth data indicate a
strong maximum near 500°C, and this result is proﬁably conslstent
with the linewidth data of Peloué, which begin to rise sharply at
about 30°C.

Jﬁckle(23‘) has shown that the acoustic absorption coefficlent,

ol , 1s expected to be proportional to g((&J ) and hence to

W (w,T)/ [} + n(a),Tf] , 1f the stress waves and the Raman scat-
tering are related. In view of this relationship, it is not clear
how the maximum in of observed by Day and Bucaro near 500°C relates
to the present Raman observations, namely, that the B.-E. corrected

ccntour amplitude just above 7.5 em™1 (as well as the total contour
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intensity) are independent of temperature above TG’ The difficulty |
probably involves comparisons between widely disparate frequencies, i
that 1s, 10-14 GHz compared to 200 GHz or above, i.e., the very
large aggregates that might be assoclated with 10-14 GHz (1/3 to
1/2 en” 1) might not be expected to survive at the higher tempera-
tures.
| Finally, the general features of the B,-E. corrected Raman
i spectra (here preferred as a representation of the density of
states) are similar from T, to 900°C, cf., Fig. 2(a). Hence,
| if large aggregates are considered to experience about the same
i mean restoring field, the B.-E. corrected spectra may be considered
! to represent, at least qua%itatively, the size or mass distribution
A of the melt. Thus, from Fig. 2(a), it is apparent that the contri-
bution of masses larger than those assoclated with the peak intensity

falls rapidly (AY<27 cm’l), compared to the distribution of the
lighter masses (477>27 cm-l). Apparently, the mass or size distri-
bution begins with (librations or translations of) BO3 triangles

(v 170 cm_l), and extends to aggregates 1n excess of the peak value
of. ~ 23,000 g/mole. In the vitreous solid, of course, the mean
restoring force or modulus increases relative to the melt. However,
a similar size or mass distributibn stilll exlsts, because the

distribution existing at TG would be "frozen-in" at lower temperatures.

‘ar




SUMMARY

Low-frequency Raman spectra have been obtained from vitreous
and molten 3203 from 8°K to 900°C. The low-frequency contour
intensities fit the one-phonon B.-E. relation closely above TG’
and the B.-E. corrected peak frequency decreases above TG in a
manner suggestive of viscoelastic behavior. The low-frequency
Raman contour from O - 300 cm-1 appears to represent a distri-
bution of masses or sizes involving BO3 triangles, B306 rings,
and increasingly larger aggregates involving, for example,

400 BO3 units, The temperature dependence of the B,-E. correct-
ed peak frequency was found to be linear in the bulk modulus,
strongly suggesting a connéction with stress wave theory. The
virtually complete depolarization of the low-frequency Raman
contour may also be explained by the symmetry properties of
longitudinal and transverse acoustic modes whose frequenciles

lie in the GHz to THz region.
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